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ABSTRACT 
The r e s u l t s of measurements of the s imula ted r a i n f a l l at the Holloman 
t e s t t r ack f a c i l i t y are p re sen ted . Raindrop s p e c t r a measurements were made 
with a drop camera and with an o p t i c a l e l e c t r o n i c drop spec t rometer . A smal l 
amount of drop measurements us ing the f l o u r p e l l e t method were a l s o made fo r 
comparison with the o ther methods. 
The measurements of the s imula ted r a i n f a l l were compared with average 
n a t u r a l r a i n f a l l da ta c o l l e c t e d with the drop camera. The average s p e c t r a 
from the t r ack has a l i q u i d water content of 7.96 g/m3 and an equ iva len t 
r a i n f a l l r a t e of 158.7 mm/hr. I t does not correspond d i r e c t l y to any n a t u r a l 
r a i n f a l l r a t e . 
The n a t u r a l r a i n da ta have been s o r t e d i n t o da ta from a r c t i c , t r o p i c a l , 
and temperate r e g i o n s , and average ra indrop s p e c t r a for var ious f requencies 
of occurrences c a l c u l a t e d . 
- i v -
TABLE OF CONTENTS 
Page 
INTRODUCTION 1 
MEASUREMENTS OF STANDARD RAIN FIELD 1 
I n s t r u m e n t a t i o n 1 
Comparisons of Drop Camera D a t a w i t h I ITRI S p e c t r o m e t e r Da ta 3 
Calm Wind C o n d i t i o n s 5 
Low Wind C o n d i t i o n s 7 
V a r i a t i o n s i n S p e c t r a w i t h R e s p e c t t o P o s i t i o n R e l a t i v e t o R a i l . . . . 9 
V a r i a t i o n s in S p e c t r a Along Track 10 
P r e s s u r e and Nozz le Angle E f f e c t s 1 1 
FLOUR SAMPLE COMPARISONS 12 
DROP-SIZE DISTRIBUTIONS IN NATURAL RAIN 13 
CONCLUSIONS AND RECOMMENDATIONS 15 
REFERENCES 16 
FIGURES 17 
INTRODUCTION 
The primary ob jec t ive of t h i s c o n t r a c t was to ob ta in measurements of the 
a r t i f i c i a l r a i n f i e l d which i s i n use a t the t e s t t r ack f a c i l i t y a t Holloman 
Air Force Base , New Mexico. It was a l s o d e s i r e d to compare measurements made 
with the Univers i ty of I l l i n o i s drop camera and those from a drop spec t romete r 
r e c e n t l y acquired by the Air Force from the I l l i n o i s I n s t i t u t e of Technology 
Research I n s t i t u t e (IITRI) so the two procedures of measuring ra indrops could 
be compared. These da ta a l s o would allow comparison of the IITRI spec t romete r 
measurements with drop camera measurements of n a t u r a l r a i n . 
Two da ta c o l l e c t i o n t r i p s were made to Holloman AFB. In June 1969 
measurements cons i s t i ng of four runs were made on the main t rack and 15 runs 
on a smal l r a i n f i e l d loca ted on the " f i t t i n g t r a c k " . In September, 1969, 
t e s t s were made on the main t r ack with much l i g h t e r winds than were exper ienced 
during the June t e s t s . 
A d e s c r i p t i o n of the r a i n f i e l d can be found in a r epo r t by Reynolds 
(1962) . B r i e f l y , i t c o n s i s t s o f 6000 f e e t o f a r t i f i c i a l r a i n produced a longs ide 
the t e s t t r a c k . On both s ides of the t r ack t h e r e are water mains t h a t d e l i v e r 
water to 400-foot long manifo lds . Each of t he se manifolds has 50 r i s e r s wi th a 
spray nozzle a t t ached to each r i s e r . In t h i s r e p o r t a s ec t ion of 400 f e e t r e f e r s 
to the s e c t i o n of one manifold. 
This r e p o r t descr ibes the ins t rumenta t ion employed, and compares the drop 
da ta from the two ins t ruments under varying wind c o n d i t i o n s , varying i n s t r u m e n t a l 
a l ignments , and varying p o s i t i o n s along the t r a c k . Data co l l e c t ed by a " f l o u r 
sampling technique" were a l s o compared with those c o l l e c t e d by the drop camera 
and the spec t romete r . Drop-size da ta for a c t u a l r a i n f a l l in varying c l i m a t i c 
zones are p resen ted and compared with the s imula ted r a i n . 
MEASUREMENTS OF STANDARD RAIN FIELD 
Ins t rumenta t ion 
Data r epo r t ed in t h i s r e p o r t were p r i m a r i l y from two ins t ruments which 
measure the ra indrop s p e c t r a . A t h i r d d e v i c e , " the f l ou r sampling t e chn ique" , 
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which provides limited information on drop size spectra , is also discussed in 
one sect ion. 
The prime instrument employed was the raindrop camera. Measurements with 
th is instrument of natural raindrop spectra by the University of I l l i n o i s have 
been made in nine different world-wide locat ions. Over 23,000 1-m3 samples of 
rain have been collected since 1957. These data were collected using a camera 
system consisting of a 29-inch diameter parabolic mirror and an e l ec t r i ca l ly 
operated 70-mm camera. Four FT-503 flash tubes were used to illuminate the 
sampling volume. 
For operation on the t e s t t rack, it was decided that a smaller system 
would be necessary. The same 70-mm camera was used, but a parabolic mirror of 
12 1/2 inch diameter was purchased. This mirror has a focal length of 100 
inches instead of the 160 inches of the 29-inch mirror, thus producing a larger 
magnification on the film. A single FT-503 flash tube was found suff icient to 
l igh t the smaller sample volume. The sample volume photographed on a single 
frame of film was 726 in 3 or 0.0119 m3. The larger drop camera used previously 
had a sample volume of 0.14-3 m3 per frame. The smaller sampling volume was a 
necessary consequence of making a smaller system, and th is volume was considered 
acceptable due to the higher average concentration of raindrops expected in the 
t e s t track rain f ie ld . 
The opt ical configuration for the drop camera as used in these measurements 
is shown in Fig. 1. The. 12 1/2-inch mirror is the f i r s t element of a Newtonian 
telescope. The camera lens aperture is located at the focal point of the mirror, 
producing a t e l ecen t r i c system which eliminates most of the perspective ef fects . 
The volume of ra in space photographed is a r ight c i rcular cylinder that has a 
12 1/2-inch diameter and a 6-inch depth. A small portion of th i s volume is 
eliminated by the obstructions of the diagonal mirror and i t s support. 
The ent i re drop camera system was mounted on a 3-wheeled carriage provided 
by Holloman Air Force Base. This carriage was placed on the track and could be 
moved easi ly through the rain f ields while photographs of the drops were being 
made. 
After the film was processed, it was projected so that the drop images 
were three times the size of the or ig ina l drops. Measurements of the horizontal 
and ver t i ca l s izes of the drops were then obtained using semi-automatic ca l ipers . 
The measurements were averaged in the computer to obtain the bes t estimate of the 
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diameter of the drop. At the same time, the computer obtains a drop-size 
spectra and computes the r a i n f a l l parameters of equivalent r a in f a l l ra te and 
l iquid water content. 
The second major instrument involved was the spectrometer purchased by 
the t e s t track f ac i l i t y at Holloman Air Force Base from the I l l i n o i s In s t i t u t e 
of Technology Research Ins t i tu t e (IITRI), hereafter referred to as the IITRI 
spectrometer. This instrument has an opt ical system similar to tha t of the 
drop camera except that a lens is used rather than the parabolic mirror. In 
order to provide higher levels for drop i l luminat ion, the IITRI spectrometer 
collimates the source of l ight with a second large lens . Instead of a film 
record, the spectrometer focuses the drop images on an image orthicon tube. 
Each drop focused on the orthicon is measured by counting the number of 
intersect ions of the horizontal sweep and the drop image. Thus, e s sen t i a l ly , 
the ver t i ca l dimension of the drop is measured. These measurements are t a l l i e d 
in eight channels (classes) of drop s izes . The widths of these channels are 
variable; however, a l l data obtained with the IITRI spectrometer were with the 
8:1 magnification and therefore with channel widths of 0.5 mm. 
The IITRI spectrometer samples a volume 7.5 times each second. This 
volume is determined by the spacing of the shields to delineate a volume of 
suff icient size so that s t a t i s t i c a l l y re l iab le samples may be gathered. In 
a l l of these data, the shields were 6 inches apart and the device sampled 
1820 in 3 or 0.0298 m3 for each 10-second sample. The output of the spectrometer 
was a paper tape with the number of drops in each size class printed thereon. 
These numbers were punched into IBM cards and the analysis was performed in the 
computer. 
The flour sampling technique provides a crude estimate of the drop s ize 
spectra. A sample is taken by exposing a tray of flour for a short (and unknown) 
time to the a r t i f i c i a l r a in . The resul t ing dough pe l le t s are then screened, 
weighed, and then a re la t ive number d is t r ibut ion is obtained. The preliminary 
data analysis was performed by Holloman personnel and resulted in a re la t ive 
number d is t r ibut ion on a surface area. 
Comparisons of Drop Camera Data with IITRI Spectrometer Data 
One of the purposes of th is contract was to determine how the drop spectra 
obtained by the IITRI spectrometer compared with the spectra as measured by the 
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drop camera. This information was needed in order to know what adjustments 
would be needed to compare the IITRI spectrometer measured t e s t track spectra 
with the vast amount of natural rain spectra obtained elsewhere using the drop 
camera. 
Excellent agreement was found between the data of the two instruments. 
Figure 2 is a plot of the average drop spectra for the September t e s t run number 
1, as determined by the drop camera and by the IITRI spectrometer. These spectra 
are both presented in units of number of drops per m3 per 0.1 mm increment of 
drop diameter, although the IITRI spectra are plot ted only for 0.5 mm intervals 
of diameter. Similar resul t s were found for run number 2. The two instruments 
were also in agreement as to the major variations in the spectra along the track. 
The data taken in the main t e s t track rain f ie ld in June were obtained with 
winds which were generally 3 mph or higher. Because of these re la t ive ly high 
winds, further tes t ing was done in September under much more sa t is factory l ight 
wind conditions. It is the data from the September runs which wi l l be presented 
here as typica l of the rain spectra being produced routinely on the t e s t track. 
Standard track conditions were in effect during these t e s t s . The sections 
measured had been recently refurbished. That i s , the spr inkler and supply pipes 
had been anchored to posts se t into the ground. The standard Vee Je t H-l/4 U 
8070 nozzles were used, and were adjusted to the usual 65 degrees. The water 
pressure was maintained at 9 p s i . The winds remained quite calm. Runs number 1 
and number 4 were made on the 400-foot section of the rain f ie ld between track 
s ta t ions 23432 and 23835. Runs number 2 and number 3 were between s ta t ions 22652 
and 23065. The spectrometers were moved through the f ie ld at speeds around 
30 ft/min. 
Both the IITRI spectrometer and the University of I l l i n o i s drop camera 
functioned properly. Due to the excellent agreement between the data from the 
two instruments on the f i r s t two t e s t runs, the second two runs of drop camera 
film were not measured. It was considered that the IITRI spectrometer data were 
suff icient to to t a l ly describe the spectra. 
The spectra for run number 1 have already been presented (Fig. 2 ) . Figure 3 
shows the mean dis t r ibut ion for the average of each of the four t e s t runs as 
measured by the IITRI spectrometer. Also on th is figure are the high and low 
l imits for these individual run averages. There is good consistency in the region 
of diameters equal to or greater than 2 mm. There is greater va r i ab i l i t y in sizes 
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less than 2 mm, but even here , the sca t t e r is not unreasonable. These small 
drops are. moved about by l igh t winds to a much greater extent than the larger 
ones. Although these t e s t s were made under bas ical ly calm conditions, a very 
l igh t occasional breeze may account for the differences in the small drop 
numbers. 
The numerical data from the runs, as measured by the IITRI spectrometer 
are presented in Table 1 together with the mean spectrum of the raw spectra 
of a l l the runs. This mean dis t r ibut ion is probably the best description of 
the rain f ie ld as it existed in September 1969. Also in Table 1 there are 
presented the coefficients of variat ion of the numbers in the eight size c lasses . 
The coefficient of variat ion as used here is defined as the r a t io of the square 
root of the variance to the mean of the numbers in each of the size c lasses . It 
is a good s t a t i s t i c a l measure of the va r i ab i l i ty with respect to the mean. If 
the va r iab i l i ty of drops in each of these classes was s t r i c t l y a r esu l t of the 
sampling volume, the coefficient of variat ion should be smaller for samples with 
larger numbers of sampled items. In th i s case, the smaller drop classes should 
have appreciably smaller coefficients of var ia t ion . In p rac t i ce , the two 
smallest size categories have the highest coefficients of var ia t ion , and since 
they also have the la rges t number of drops, the small categories seem to be 
s ignif icant ly more variable than the larger drops. One very l ikely reason for 
th i s may be wind ef fec ts . Even though there were no measurable winds during 
these runs, it is believed that extremely l ight cross winds which affect the 
small drop concentrations were present . 
Calm Wind Conditions 
For purposes of data in terpre ta t ion along the t rack , the mean dis t r ibut ion 
as given in figure 3 and Table 2 is considered to be applicable under no-wind 
conditions. In Table 2 the following parameters are available: the fraction 
of drops smaller than or equal to the diameter, percentage of l iquid water 
contributed by drops smaller than or equal to the diameter, and the t o t a l l iquid 
water in drops less than or equal to the diameter. Table 2 also summarizes some 
of the parameters for th is average d i s t r ibu t ion , and figure 4 shows the 
dis t r ibut ion plot ted on logarithmic probabil i ty paper. The data for th i s table 
was obtained from the smoothed curve of figure 3 by reading from the figure the 
numbers of drops at 0.1-mm intervals of diameter from 0.5 to 4.7 mm. Drop camera 
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data was used to extrapolate the curve to 4.7 mm. Had suff ic ient ly re l iab le 
data been available and used for sizes less than 0.5 mm, the t o t a l drop 
concentration would l ikely have been considerably g rea te r , but these very small 
drops would increase only s l igh t ly the l iquid water content and equivalent 
r a i n f a l l r a t e . 
Table 1. Average drop size dis t r ibut ions as measured by the IITRI 
spectrometer, for the four September runs on the main track 
under standard conditions with no wind. 
The equivalent r a i n f a l l ra te is defined as the r a i n f a l l ra te which would 
be obtained if the drops of the measured spectra were travel ing at the i r terminal 
ve loc i t i e s . In other places in th i s report the term accumulation ra te has been 
used. This is defined as the actual ra te of water passing -through a unit area in 
a given time and is the parameter commonly measured by the wedge gage instruments. 
Since the drops are t ravel ing at less than terminal ve loc i ty , the accumulation 
ra te is always less than the equivalent r a i n f a l l r a t e . In using these cal ibrat ion 
data, it should be kept in mind that nei ther spectrometer measures the very small 
drops ( less than 0.25 mm). The USAF spectrometer is capable of measuring smaller 
drops when operated on other magnifications, but th is was not performed. Thus, 
if i t is expected that the t e s t item is responsive to the small drops further 
cal ibrat ion of the smaller sizes is required. 
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Table 2. Parameters of the mean dis t r ibut ion under 
calm wind conditions for standard nozzle conditions.* 
Other Miscellaneous Parameters 
Equivalent r a i n f a l l ra te = 15 8.7 mm/hr or 6.25 in /hr 
Liquid water content = 7.96 gm/m3 or 4.97 x 10 - 4 l b s / f t 3 
Total drop concentration = 5079 drops/m3 or 143.8 drops/f t3 
Mean volume diameter = 1.44 mm or 0.057 in 
Median volume diameter = 1.80 mm or 0.071 in 
* This table is based on drops larger than 0.5 mm in diameter. 
In the present f ie ld great uncertainty in the small drop classes exis t in 
400 foot sections even under the calmest of winds. It is perhaps fortunate tha t 
most theories of destructive effects of raindrops depend upon the higher moments 
of the drop d i s t r ibu t ion . In these larger s ize classes there appear to be much 
less va r iab i l i ty both within a 400 foot section and between sect ions. 
Low Wind Conditions 
During both data collect ion periods, a Beckman-Whitley sensi t ive 
recording anemometer was used to measure the wind speed and di rect ion. This 
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anemometer was located within 25 feet of the center of the f i t t i n g track where 
a l l of the wind data, which were used in th is sect ion, were obtained. This 
same instrument was ins ta l l ed alongside the main track during data collection 
periods. Winds with speeds of between 1 and 2 mph (0.5 to 1 m/s) are considered 
low winds in th is repor t . 
Preliminary resu l t s with varying winds seemed to indicate that the numbers 
of small drops increased with an increase in low wind as the wind increased 
at low wind speeds. After more analysis , it has become apparent that indeed 
the wind effect is most pronounced in the small drop categories as would be 
expected. However, it is also apparent that the magnitude of the change and 
even the direction of the change of the numbers of small drops vary e r r a t i c a l l y 
under changing wind conditions. 
In order to remove the poss ib i l i ty of effects due to different track 
sections and/or effects due to different alignment of nozzles , the primary data 
used for the low wind analysis were from the f i t t i ng t rack. These data were 
a l l taken in June and no nozzle alignment changes were made. Four runs were 
obtained with cross winds between 0 and 2.4 mph, and figure 5 shows the r e s u l t s . 
The spectrum with no winds is very close to the track standard d is t r ibut ion 
(Fig. 3) so the resu l t s from the f i t t i ng track should extrapolate well to the 
main track. 
For the larger drop-size categories, and for winds up to about 2 mph, the 
number seems to decrease as the wind increases. However, in the sizes less 
than 1.75 mm the numbers of drops appear to be quite e r r a t i c and to vary over 
an order of magnitude. Runs "D" and "U" were both obtained with nearly ident ica l 
winds (1.5 and 1.2 for "U" and "D", respect ive ly) , and yet the numbers of drops 
are quite different in the smaller c lasses . For example, at a diameter of 1 mm, 
the number of drops is about 4 times greater for run "D" than for run "U". 
One probable cause for some of the wild fluctuations in the number of 
small drops may be the gustiness and turbulence associated with any wind. Thus, 
even though the wind instrument measured winds of less than 2 mph, the actual 
winds at the measuring s i t e may have been different because of local turbulence. 
Both spectrometers are large and produce unknown effects on the winds in t he i r 
near v i c i n i t i e s . Very s l igh t changes in direction may be magnified by these 
obstructions and these local effects would be most strongly f e l t by the small 
drops. 
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These data , along with some data from the non-standard nozzle configuration 
are the only data for which the wind effects could be assessed. The paradox of 
the data collection is that an insuff ic ient amount of data is available under 
l igh t wind conditions and yet data collection was always terminated by high winds. 
It is recommended that more data be obtained in the future during low winds. At 
present , it must be concluded tha t winds of only. 2 mph seriously affect the small 
drop concentrations. 
These winds produce an uncertainty of at l eas t an order of magnitude for 
spectra at one point in space for drop categories less than 1.5 mm diameter. 
For drop categories greater than 2.0 mm, the effect of the l ight winds is less 
important and appears to reduce the concentration. 
Since a l l of these data with respect to winds were obtained at essen t ia l ly 
one point (averaged over s ix feet of t r a c k ) , it is possible that these data 
may be unduly pessimistic with respect to small drops. That i s , the wide 
variat ions in the small drop frequency may cancel each other at different points 
along the t rack. On the other hand, the large drops appear to be systematically 
decreased for any cross wind component. Thus, a net reduction in intercepted 
water and amount of damage would undoubtedly resu l t from any run with cross winds. 
On the basis of these data, it may be hopeless to estimate the small number 
concentration even if very detailed wind measurements are made at f i r ing times. 
Variations in Spectra with Respect to Position Relative to Rail 
In order to assess the importance of instrumental position re la t ive to 
the track and in the plane perpendicular to the t rack , a l l the drop camera 
photographs were divided into 10 sections for measuring. 
Also, in June 1969, data were collected on the f i t t i ng track with the 
drop camera about 1 foot above the t r ack , and 1 foot to the side of the t rack. 
Figure 6 shows the average concentrations, l iquid water contents, and r a in fa l l 
r a t e s . These parameters are chosen as representative of the spectra ra ther 
than the spectra themselves for the ease inherent in single parameter analysis . 
In addit ion, the s t a t i s t i c a l noise involved appears to be suff ic ient ly large 
that t h i s , or some al ternat ive smoothing or averaging, would be necessary to 
be able to recognize any systematic changes. As seen from figure 6, the parameters 
do not vary in a very orderly fashion. In general , average equivalent r a in f a l l 
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rates and l iquid water contents are highest in the area "A", the area just 
over the t rack. Within each area, the parameters vary e r r a c t i c a l l y , par t icu lar ly 
the drop concentration, N. The drop concentration variations are largely 
variat ions in the numbers of the small drops. For example, in a l l the sections 
having greater than 10,000 drops/m3, over half of these drops are 0.5 mm diameter 
or l e s s . Variations in r a in fa l l r a t e , R, and l iquid water content, L, are not 
as large as the variat ions in drop concentration, since the very small drops 
contribute re la t ive ly l i t t l e to the l iquid water content and r a in f a l l r a t e . 
The occasional lack of consistency in the pat terns of the spa t i a l variations 
is probably due to the data for the three areas having been obtained on three 
separate runs ra ther than simultaneously. Also it may be due to the small sample 
s izes involved. The winds were less than 1.5 mph for a l l the runs, but they were 
from the southeast on run "P", from the north and northwest on run "M", and were 
near calm on run "0" . These winds were such as to move more drops, par t icu lar ly 
small ones, into area "C" during data run "M" than would be expected with calm 
conditions. Each of the small sections represent only 0.07 m3 of space and even 
though reasonably homogeneous conditions are expected in the a r t i f i c i a l f ie ld , 
sampling er ror is an important factor. Thus, the value of l iquid water of 
9.6 g/m3 in the upper right of run "P" is undoubtedly fa l lacious . Since the 
wind affects small drops more than large ones, and since the concentration is 
overwhelmingly a measure of numbers of small drops, the concentration is considered 
to be unreliable and attention should be directed only to the resul ts for l iquid 
water content and the equivalent r a i n f a l l r a t e . This s i tua t ion makes it impossible 
to make very specif ic conclusions as to the spa t i a l variations in the rain f ie ld 
perpendicular to the track. But general ly , the rain f ield reduces about 30% as 
the point of i n t e r e s t moves 12 inches inside the r a i l and by about 35% 18 inches 
above the r a i l . 
Variations in Spectra Along Track 
In addition to the average spectra for the runs, individual spectra were 
calculated for each frame of drop camera data. It had been expected that a 
periodic variat ion of the rain along the track might be found due to the spacing 
of the nozzles. This was checked by frequency analyses of the l iquid water 
contents calculated for each single frame spectra . No signif icant periodic 
variat ions were found. Although the var iab i l i ty of the l iquid water content 
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measurement is quite large , th is va r i ab i l i ty appears to be largely random in 
nature. Figure 7 is a histogram of the occurrence of various values of l iquid 
water content on run 1. The mean l iquid water content for th is run was 
6.7 g/m3. About 55% of the values of LWC occur between 5 and 8 g/m3. It should 
be real ized that th i s va r iab i l i ty is not a l l r ea l var iab i l i ty in the rain f i e l d , 
but also includes the sampling errors in the measurements. Most of the sampling 
errors are probably averaged out in the run averages. Fortunately, it is l ike ly 
that the average conditions are the most meaningful to the usual t e s t s on the 
track. 
Pressure and Nozzle Angle Effects 
For the t e s t runs of 23 September 1969, one section of the rain f ie ld 
was readjusted so tha t half of the section had nozzle angles of 55 degrees and 
the other half of the section had angles of 60 degrees. Measurements were 
made of th is modified section and a standard section adjacent to it under varying 
water pressures. The pressures used were 8, 10, and the standard 9 p s i . 
A summary of the t e s t s is contained in figure 8. The l ight ly shaded region 
on this figure shows the range of va r i ab i l i ty in the four standard runs made on 
22 September and an additional standard run on 23 September. The darker shading 
is the addit ional va r i ab i l i ty with the runs made under the varying pressure and 
nozzle angle conditions. Only a small amount of var iab i l i ty is added by the 
changes in pressure and angles and most of th i s is in the very small and very 
large drop region of drop s i ze . The added va r i ab i l i ty in the small drops is 
large due to increased number of small drops when the pressure was increased to 
10 p s i . The number of 0.5 mm drops was grea tes t at a 65° nozzle angle, but at 
a l l the tes ted angles, the smallest sized drops increased with pressure. Although 
less consis tent , most of the dis t r ibut ions with the lowest numbers of la rger 
drops occurred with the lower pressures , tha t i s , 8 and 9 p s i . 
In general , it would appear that the variat ions in the drop d i s t r ibu t ion , 
which are due to e i the r pressure or nozzle angles, are of l i t t l e importance 
for the ranges tes ted . The amount of va r i ab i l i ty when only pressure, or only 
nozzle angle is changed, is quite s imilar to the var iab i l i ty in the five t e s t 
runs which were made under standard track conditions. The wind during the t e s t s 
of pressure and nozzle angle changes was l ight but increased s l i g h t l y , and th i s 
may have caused some of the indicated var ia t ions . 
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FLOUR SAMPLE COMPARISONS 
A method for determining d rop-s i ze s p e c t r a which has been in use for 
some time at the t e s t t r a c t a t Holloman, is to expose a t r a y of f l o u r to the . 
a r t i f i c i a l r a i n . Pre l iminary ana lys i s of t h i s da ta was provided by Holloman 
and we were provided with f r a c t i o n a l accumulation by volume. 
In order to compare these f l ou r sample d i s t r i b u t i o n s with the volume 
d i s t r i b u t i o n s obta ined with the o the r i n s t r u m e n t s , a conversion of the sur face 
d i s t r i b u t i o n to a volume d i s t r i b u t i o n must be made. The volume d i s t r i b u t i o n 
is obta ined from the su r face d i s t r i b u t i o n by d iv id ing the su r face d i s t r i b u t i o n 
by the v e l o c i t y of the d rop . 
To determine a f i r s t e s t ima te of the v e l o c i t y to be used, t he d i f fe rence 
between the accumulation r a t e and the d i s t r i b u t i o n c a l c u l a t e d r a i n f a l l r a t e must 
be considered. The accumulation r a t e was about 5.5 i n / h r and the d i s t r i b u t i o n 
r a t e is about 7.5 i n / h r . This means t h a t t he drops are f a l l i n g at about 70% of 
t e rmina l v e l o c i t y . 
Cataneo and Semonin. (1969) showed tha t a f a l l d i s t ance of about 1.5 m 
r e s u l t s in drops of 2.0 mm reaching 70% of t e rmina l v e l o c i t y . I n i t i a l l y a 
h e i g h t of 1.5 m is then assumed, and the v e l o c i t y of each drop s i z e is taken 
to be the v e l o c i t y a f t e r 1.5 m of f r e e f a l l . This seems reasonable from 
examination of the spray c o n f i g u r a t i o n , where the h i g h e s t po in t of the spray 
appears about f ive f e e t above the s p r i n k l e r heads . 
The sur face diameter d i s t r i b u t i o n is r e l a t e d to a sur face mass d i s t r i b u t i o n 
by a m u l t i p l i c a t i v e cons tan t conta in ing the dens i ty of the wate r and the square 
of the d iameter . 
A normalized accumulative d i s t r i b u t i o n of masses for each f l o u r sample 
was known and from t h i s the r e s u l t i n g normalized volume d i s t r i b u t i o n was 
c a l c u l a t e d . The t o t a l concen t ra t ion of the s p e c t r a was then c a l c u l a t e d using 
the measured accumulation r a t e from wedge gages . This is accomplished by 
using the normalized volume d i s t r i b u t i o n and the same v e l o c i t i e s as assumed 
e a r l i e r . This volume d i s t r i b u t i o n i s very s e n s i t i v e in the smal l and l a rge 
s i z e ca t ego r i e s to the method used for da ta i n t e r p o l a t i o n and e x t r a p o l a t i o n . 
Through the middle ca t ego r i e s (1 .0 < D < 2 .5) reasonably c lose agreement with 
the o the r spect rometers can be achieved. Again, when comparing p o i n t 
measurements, t he s t a t i s t i c a l sample s i z e becomes important and most of t h e 
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d i sc repanc ies in the middle ca t egor i e s may e a s i l y be a t t r i b u t a b l e to the 
l imi t ed sample s i z e of both methods of measurement. Figure 9 is an example 
of how c lose ly t h e f l ou r sample was to the s p e c t r a measured by the USAF 
spec t rometer . 
Other da ta have been analyzed and about the same degree of correspondence 
noted . The f lou r sample in conjunction with wedge gage measurements of 
accumulation r a t e s provide a r e l a t i v e l y easy manner of provid ing spo t checks 
as to the condi t ion of the f i e l d . I t would appear from drop camera da ta t h a t 
the p o s i t i o n of a sample r e l a t i v e to a spray nozzle is of l i t t l e impor tance , 
bu t the accumulation r a t e should be obtained in the same l o c a t i o n . 
DROP-SIZE DISTRIBUTIONS IN NATURAL RAIN 
A c o l l e c t i o n of d rop-s ize d i s t r i b u t i o n s obta ined in n a t u r a l r a i n s by 
the I l l i n o i s S t a t e Water Survey were used to determine average d i s t r i b u t i o n s 
corresponding to r a i n f a l l r a t e s equa l l ed or exceeded 0.01%, 0 .1%, 0.5%, and 
1.0% of the t o t a l time per year in var ious c l i m a t i c r e g i o n s . * The r a t e s 
corresponding to t h e s e f requencies are t a b u l a t e d in Table 3 . These r a t e s were 
determined from frequency curves prepared by D. M. A. Jones as p a r t of the 
work of AFCRL Contract F19628-69-C-0070. The ra ingage da t a from Woody I s l a n d , 
Alaska were used to r e p r e s e n t a r c t i c r e g i o n s , t h a t from Panama to r ep re sen t 
the t r o p i c s , and t h a t from New Je r sey to r e p r e s e n t temperate c l i m a t i c r e g i o n s . 
The average annual frequency is based on the New J e r s e y , F l o r i d a , and Panama 
da t a . I t was used to determine the appropr ia te r a t e s fo r the o v e r a l l average 
drop-s ize d i s t r i b u t i o n s . . These r a i n f a l l - r a t e f requencies were determined for 
1-minute average r a t e s measured by weighing bucket gages with 6-hour char t 
d r i v e s . Such da ta were a v a i l a b l e for about 1 yea r for each loca t ion used 
except at Panama. Only 104 days of da ta were a v a i l a b l e t h e r e . A l l these da ta 
were taken during the months of June through November, which are in Panama's 
ra iny season. Had da t a for a f u l l year been a v a i l a b l e , the occurrence 
frequencies of the var ious r a t e s would, of course , have been lower. 
* Data for t h i s work provided by support from U. S. Army Atmospheric Science 
Labo ra to r i e s , For t Monmouth and Frankford Arsena l , P h i l a d e l p h i a , Pennsylvania . 
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The se t of average d i s t r i bu t i ons in figure 10 are for a l l data avai lable . 
All the samples having ra tes within ± 12% of the desired average ra te were 
included. Rainfall rates and other parameters were then calculated for the 
average d i s t r ibu t ions . The number of samples used in each average varies 
with ra te ranging from 927 for the 5.2 mm/hr d is t r ibut ion to 154 samples for 
the 95.6 mm/hr d i s t r ibu t ions . 
The data for the overal l d is t r ibut ions came from nine locat ions. These 
locations are: Champaign, I l l i n o i s ; Miami, Florida; Corval l is , Oregon; 
Majuro, Marshall I s lands; Woody Island, Alaska (near Kodiak); Bogor, Indonesia; 
Island Beach, New Jersey; Franklin, North Carolina; and Fort Sherman, Canal 
Zone (which is generally referred to in th is report as "Panama"). 
Table 3. Rainfall rates (mm/hr) equalled or exceeded for 
the indicated percentages of the time in various 
climatic regions. 
Figures 11 , 12, and 13 show, respect ively, s imilar average dis t r ibut ions 
for "temperate", " t rop ica l " , and "a rc t i c" climates. The temperate curves are 
for the combination of I l l i n o i s , New Jersey, and North Carolina data, the 
t ropica l dis t r ibut ions are from Panama and Indonesia data. Only the data from 
Alaska were used in the a r c t i c curves. 
Several things can be noticed in these d i s t r ibu t ions . F i r s t , the 
frequencies of r a i n f a l l ra tes vary, as might be expected, with the various 
climatic regions. The shape of the dis t r ibut ions are different . The temperate 
curves have sharper peaks with modes in the 1.0 to 1.5 mm drop-size region, 
while the t ropica l d is t r ibut ions are more rounded. The a rc t i c dis t r ibut ions 
are a l l very close together due to the very narrow range of r a i n f a l l ra tes 
that occur in such climates. Rates greater than 18 mm/hr, or 0.71 i n /h r , 
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occur for only 5 minutes per year. This ra te would be exceeded in Panama 
0.65% of the time, or 57 hours per year. The a rc t i c drop dis t r ibut ions from 
Alaska have a bimodal charac ter i s t ic for a l l ra tes greater than 7.5 mm/hr. A 
s l igh t tendency to bimodal dis t r ibut ions has been noticed at several other 
locat ions , such as Panama, but not d i s t inc t ly as in the Alaska data. 
Figure 14 shows the average calm wind t e s t track spectrum with the two 
regional na tura l rain averages which are most similar in r a in fa l l r a t e . The 
t e s t track spectrum has fewer drops than e i the r natural rains in the larger 
drop s i z e s . The t rop ica l rain spectrum has considerably fewer small drops 
than the simulated ra in . The t e s t track rain is more similar to the temperate 
spectrum, but the shortage of drops in the larger sizes may be important in 
some experiments on the t e s t track. 
CONCLUSIONS AND RECOMMENDATIONS. 
The a r t i f i c i a l rain f ie ld at the Holloman Rocket Test Track has been 
successfully cal ibrated. The resul ts indicate that the most serious problem 
affecting ra in f ie ld data and t he i r in terpre ta t ion of the resul ts is one 
of wind conditions at the time of f i r ing . If the par t i cu la r t e s t requires 
knowledge of the number of small water drops impinging on the specimens, winds 
of less than 1 mph are necessary. The large drop concentrations are 
considerably less affected and also the effect appears to be systematic. That 
i s , the number of large drops consistently reduces as the cross winds increase. 
L i t t l e or no effect could be noted with "along track" winds of less than 
3 mph although the amount of data available supporting t h i s statement is 
limited. 
The spectrometer purchased by the Air Force from IITRI is a very 
impressive instrument. Rain drop measurements with th i s instrument compare 
favorably with those from the rain drop camera in a l l cases. Data handling 
with the IITRI spectrometer is simplified great ly by having automatic sizing 
and d ig i t a l output. For t e s t s in the main ra in f ie ld the magnification of 8:1 
is recommended for most purposes. An exception to th i s may be in the desire 
to obtain detai led information on drops smaller than 1.0 mm, if such a need 
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e x i s t s . I t i s recommended t h a t in the future the openings of the spec t romete r 
be inc reased to about 10 to 12 i n c h e s . This change y i e l d s a l a r g e r sample 
volume in 10 seconds without undue danger of e i t h e r channel overflow or m u l t i p l e 
drop e r r o r s . 
Two computer programs w r i t t e n in conjunction with t h i s research have 
been furnished to the t e s t t r ack personne l at Holloman. One of these programs 
performs the conversion of su r face cumulative mass d i s t r i b u t i o n s , as measured 
by f l o u r samples , to volume s i z e s p e c t r a in s tandard u n i t s . This program 
r e q u i r e s the f lou r sample da ta and the wedge gage accumulation r a t e s as i n p u t . 
The second program i n t e r p r e t s the output of the USAF spec t romete r . 
The input cons i s t s of the numbers produced by the spec t rometer along with the 
spacing between the hoods. The output is the volume s i z e s p e c t r a in s tandard 
u n i t s , the l i q u i d water con t en t , and the equ iva len t r a i n f a l l r a t e . 
Average drop s i z e s p e c t r a f o r th ree major c l i m a t i c regimes have been 
obtained for 4 d i f f e r e n t f requencies of r a i n occur rences . 
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Figure 1. Optical configuration of the drop camera 
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DIAMETER, mm 
Figure 2. Drop spectra for September run 1 as determined 
by the drop camera and by the IITRI spectrometer 
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DIAMETER, mm 
Figure 3. The mean spectrum for the four no-wind runs as measured 
by the IITRI spectrometer. The vertical bars show the range of 
measurements from the four runs 
FRACTION OF OCCURRENCES 
Figure 4. A logarithmic probability plot of the average USAF spectrometer 
drop-size spectrum 
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DIAMETER, mm 
Figure 5. Spectra for four fitting track runs made under varying 
wind conditions, along with the standard calm wind spectrum 
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Figure 6. Drawing of the measurement sections showing the values of 
equivalent rainfall rate, R, liquid water content, L, and 
total drop concentration, N, for the data runs indicated. 
The parameter R is in in/hr, L is in g/m3, and N is 
number/m3. The circled numbers are the section numbers 
LIQUID WATER CONTENT, g/m3 
Figure 7. A histogram showing the number of occurrences of various 
values of liquid water content (Run 1, Sept 1969) 
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Figure 8. Drop spectra variability due to pressure and nozzle 
angle changes 
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Figure 9. A flour sample drop spectrum with the average calm 
wind spectrum 
-26-
Figure 10. Average drop-size spectra for natural rainfall rates 
occurring 0.01, 0.1, 0.5, and 1.0% of the time. These curves 
are for all available data 
-27-
Figure 11. Average drop-size spectra for natural rainfall rates 
occurring 0.01, 0.1, 0.5, and 1.0% of the time. These curves 
are for temperate climates 
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Figure 12. Average drop-size spectra for natural rainfall rates 
occurring 0.01, 0.1, 0.5, and 1.0% of the time. These curves 
are for tropical climates 
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Figure 13. Average drop-size spectra for natural rainfall rates 
occurring 0.01, 0.1, 0.5, and 1.0% of the time. These curves 
are for arctic climates 
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Figure 14. High rate drop-size spectra from tropical and temperate 
regions with the average calm wind test track spectra 


